We have investigated the magnetic properties of highly anisotropic layered ferromagnetic semiconductor CrI3 in presence of hydrostatic pressure (P ). At ambient pressure, magnetization exhibits a clear anomaly below 212 K along with a thermal hysteresis over a wide temperature range (212-180 K), where a first-order structural transition is observed. CrI3 undergoes a second-order ferromagnetic-paramagnetic phase transition with Curie temperature TC =60.4 K. With application of pressure, the transition becomes sharper and TC is found to increase from 60.4 to 64.9 K as P increases from 0 to 1.0 GPa. TC increases with P in a sublinear fashion. The thermal hysteresis in magnetization and the increase of TC with pressure suggest that the spin and lattice degrees of freedom are coupled. The observed increase in TC has been explained on the basis of change in inter-layer coupling and Cr-I-Cr bond angle with pressure.
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Two-dimensional ferromagnetic (FM) semiconductors exhibit a wide range of novel electronic properties with immense potential for application in different magnetoelectronic technology. [1] [2] [3] [4] In spintronic devices, electron spin, instead of or in addition to charge degrees of freedom, is used for information storage and processing. [5] [6] [7] [8] [9] This can be realized, when magnetism is incorporated into the active materials. Low-dimensional magnetic systems with intrinsic ferromagnetism have also received considerable interest for fundamental research due to the occurrence of several quantum phenomena. [10] [11] [12] [13] [14] [15] Layered FM semiconductors are very rare in nature due to the absence of long-range magnetic ordering. According to the Mermin-Wagner theorem, two-dimensional isotropic Heisenberg model does not show long-range magnetic ordering at any finite temperature. [11] Recently, two different types of layered FM semiconductors with weak inter-layer van der Waals interaction namely chromium trihalides, CrX 3 (X = Cl, Br, I), and chromium-based ternary compounds, Cr 2 X 2 Te 6 (X = Si, Ge), have received considerable attention as promising candidates for both fundamental research and possible application in spintronics technology owing to their long-range ferromagnetism in bilayer or monolayer and easy exfoliation property. [16] [17] [18] [19] [20] [21] [22] [23] Among the different members of Cr 2 X 2 Te 6 and CrX 3 series, bulk Cr 2 Ge 2 Te 6 and CrI 3 compounds exhibit highest FM transition temperatures (T C ) 68 and 61 K, respectively. Though, their T C s are comparable, in contrast to Cr 2 Ge 2 Te 6 , magnetic interaction is much more anisotropic in CrI 3 due to the very weak coupling between the layers and ferromagnetism retains down to single layer, with transition temperature as high as 45 K, whereas bilayer CrI 3 is antiferromagnetic. [18] Also, an extremely high tunneling magnetoresistance (10 5 %) has been achieved in an exfoliated thin film of CrI 3 . [21] Unlike chemical substitution, hydrostatic pressure (P ) is a continuously tunable thermodynamic parameter which can be used to tune the phase transition as well as charge conduction mechanism without introducing disorder in the system. Pressure primarily alters the bond lengths and bond angles of crystal lattice which, in turn, affect the inter-site electron hopping process. As a result, both transport and magnetic properties may change significantly with application of pressure. For example, several systems undergo pressure-induced insulator to metal transition. [24] [25] [26] Even, exotic phenomenon like superconductivity close to room temperature can be achieved by applying high pressure. [27] In perovskite manganites, both electronic and magnetic subsystems are found to be highly susceptible to external pressure as well as chemical pressure arising due to the variation of ionic size. [28] [29] [30] However, the role of pressure on T C in insulating FM is very complicated and debatable due to the competition between direct exchange and superexchange. It is believed that as a result of compression, the superexchange interaction strength increases and the pressure coefficient of T C is proportional to isothermal compressibility. [31] Though, T C is observed to increase with P in several insulating FM, there are examples where T C decreases with P . [31] Very recently, the effect of pressure on structural and magnetic properties has been investigated for two-dimensional ferromagnet Cr 2 Ge 2 Te 6 . [32] It has been observed that T C decreases monotonically with pressure up to 1 GPa. Also, a small but negative pressure coefficient of T C has been reported for CrBr 3 . [33] On the other hand, T C is found to increase in layered VI 3 above a critical value of applied pressure. [34] So, it is important to investigate systematically the role of pressure on ferromagnetism in several insulating layered FM. In the present work, we have studied the effect of hydrostatic pressure on magnetic properties of well characterized single crystalline sample of CrI 3 . In contrast to Cr 2 Ge 2 Te 6 and CrBr 3 , T C in CrI 3 is observed to increase monotonically with pressure. Also, the width of transition becomes sharper with pressure. This difference in the dependence of T C on P in these systems can be attributed to their crystallographic structure and the nature of bondings.
High quality plate-like single crystals of CrI 3 were grown by standard chemical vapor transport technique from an intimate mixture of high purity elements. Very fine granules of chromium (99.995%, Alfa Aesar) and anhydrous iodine globules (99.99%, Alfa Aesar) were mixed in a molar ratio 1:3 in argon atmosphere. The well-mixed powder was sealed in an evacuated quartz tube and placed inside a gradient furnace for a period of 7 days. The one end of the tube containing the powder was maintained at 650
• C, while the other end was kept at 600
• C. Single crystals of few mm in size were formed at the cold end of the tube, which were extracted mechanically and characterized. The crystals were freshly cleaved before characterizations and measurements. Phase purity and the structural analysis of the samples were done in a high-resolution x-ray diffractometer (Rigaku, TTRAX III), using Cu-Kα radiation and high-resolution transmission electron microscopy (HRTEM) in an FEI, TECNAI G 2 F30, S-TWIN microscope operating at 300 kV and equipped with a GATAN Orius SC1000B CCD camera. The elemental composition was checked by energy-dispersive x-ray spectroscopy (EDX) using the same microscope with a scanning unit and a high-angle annular dark-field scanning (HAADF) detector from Fischione (Model 3000). The magnetic measurements at ambient pressure were done in a 7 T SQUID-VSM (MPMS3, Quantum Design). The dc magnetization measurements under pressure were done using physical property measurement system (Quantum Design). The external pressure up to 1 GPa was generated by a clamp type miniature hydrostatic pressure cell which is made of nonmagnetic CuBe alloy. The fluorinert FC 70 and FC 77 mixture (1:1) was used as a pressure transmitting medium and the in-situ pressure was estimated from the superconducting transition of pure Sn. The x-ray diffraction was performed on a cleaved thin single crystal of CrI 3 with flat surface. As shown in Fig. 1(a) , the presence of very sharp (0 0 l) peaks in the diffraction pattern confirms that the flat plane of the crystal is perpendicular to the crystallographic c-axis with interlayer separation 6.658Å and the peak positions correspond to c=7.008Å, which is consistent with earlier reports. [16, 19] The crystal structure of CrI 3 is shown in Fig. 1(b) . CrI 3 crystalizes in monoclinic AlCl 3 structure with C2/m space group symmetry and undergoes a structural phase transition at around T S ∼210-220 K to rhombohedral BiI 3 structure with R3 symmetry. [16] In CrI 3 , the Cr 3+ ions are in high spin state with the magnetic moment oriented in the out of plane direction and form a honeycomb network like a single layer of graphene, where each Cr 3+ ion is surrounded by an edge-sharing octahedron of six iodine ions. In Fig. 2(a) , we have shown the HRTEM image of a typical single crystal, which reveals the high crystalline quality of the samples over a macroscopic length scale. From the interlayer separation as shown in figure, we have calculated the value of the lattice parameter a=6.8Å, which is also close that reported from powder x-ray diffraction. [16, 19] Figure 2 (b) illustrates the selected area electron diffraction pattern created by the crystallographic planes. The obtained results from the EDX spectroscopy at different randomly selected regions of the grown crystals confirm the homogeneous distribution of the elements and the chemical composition of the crystal is very close to the starting stoichiometry Cr:I=1:3 [ Fig. 2(c) ]. In Fig. 2(d) , we have shown the EDX spectrum obtained on one such small area, as a representative.
The temperature dependence of dc magnetization (M ) for the bulk single crystal of CrI 3 has been measured both under zero-field-cooled (ZFC) and field-cooled (FC) conditions in the temperature range 2-350 K. Figures  3(a) and (b) display M (T ) curves at 500 Oe with field parallel to the c axis and ab plane, respectively. In the paramagnetic (PM) state, M in the FC and ZFC cycles does not split from each other and increases monotonically with decreasing temperature. At around 61 K, M shows an abrupt increase, an indication of long-range ferromagnetic ordering at T C ∼60.4 K, determined from the position of the minimum in the dM/dT versus T curve. T C determined from dM (T )/dT curve is very close to that reported from the critical behavior analysis of magnetization data. [19] In the FM state, a small hysteresis is observed between FC and ZFC magnetization. At low applied field, a weak kink-like anomaly is seen slightly below T C , which is more prominent for field parallel to ab plane. This anomaly in M has been characterized as a two-step magnetization but the exact origin of such behavior is yet to decipher. [35] It is well known that on cooling, CrI 3 exhibits a temperature-induced crystallographic phase transition from monoclinic to rhombohedral structure below T S . The high-temperature monoclinic and the low-temperature rhombohedral phases coexist over a wide range of T and the structural parameter (c-axis) shows a strong thermal hysteresis. [16] The coexistence of two phases along with thermal hysteresis between cooling and warming cycles suggest that the phase transition is first-order in nature. In order to know whether this structural transition can be observed in magnetic properties, magnetization has been measured by cooling the sample from room temperature down to 2 K in presence of field and upon subsequent warming at different applied fields up to 7 T, as shown in Figs. 3(c) and (d). It is clear from the M (T ) curves that M displays an anomaly around the structural transition T S and the cooling and heating cycle data do not overlap each other but display a significant thermal hysteresis over a wide temperature range 212-180 K, which is consistent with the reported temperature dependent x-ray diffraction. [16] Though the value of magnetization changes with field strength, the nature of T dependence of M is insensitive to applied magnetic field. We have also done magnetization measurements with field parallel to ab plane. Qualitative similar behavior has been observed. To capture the salient features of ferromagnetism under pressure, FC magnetization data have been plotted as a function of temperature for different applied pressures as shown in Fig. 4(a) . It is clear from the figure that with increase in pressure, the value of M decreases and the transition region shifts slowly toward higher temperature side, indicating that pressure stabilises the ferromagnetic state. For the Cr 2 Ge 2 Te 6 system, initially M increases with pressure and then decreases slowly and M is slightly smaller at ambient pressure. In order to determine the actual dependence of T C on pressure, T C has been estimated from the dM/dT versus T curves as in the case of ambient pressure. For each pressure, dM/dT curve shown in the inset of Fig.  4(a) , exhibits a very sharp minimum and its position shifts progressively toward higher temperature side with increasing pressure. Thus, the FM-PM transition in CrI 3 remains very sharp with the application of pressure up to 1 GPa. Indeed, we observe that the full-width at half-minimum of dM/dT vs. T curve is smaller for P >0. In particular, the transition is very sharp for P =0.1 GPa. For Cr 2 Ge 2 Te 6 the transition becomes broad in presence of pressure. The pressure variation of T C has been demonstrated in Fig. 4(b) . This figure shows that the dependence of T C on pressure is not linear but T C (P ) curve exhibits a weak downward curvature. Initially, T C increases very rapidly with pressure at the rate of ∼12 K/GPa up to about 0.10 GPa and then increases slowly. For P ≥ 0.5 GPa, T C increases approximately linearly with a pressure coefficient, dT C /dP ∼3 K/GPa. To illustrate the effect of pressure on FM transition, we have also calculated the relative change in T C , defined as ∆T C /T C =[T C (P ) − T C (0)]/T C (0), which has been plotted along with T C . This plot shows that T C increases by about 7.5 % for applied pressure of 1 GPa. Though M in the FM state decreases systematically with the increase in pressure, M (H) curve at 2 K shows saturation-like behavior above 2 T with saturation magnetic moment close that observed at ambient pressure. This suggests that the Cr 3+ remains in the high-spin state under pressure. We have also measured ZFC magnetization under pressure and obtained similar behavior of M and T C [Supplementary information (Fig. S3)] . [36] Mainly two competing magnetic interactions are responsible for determining the magnetic ground state of CrI 3 . The direct exchange between Cr-Cr is antiferromagnetic in nature. This direct exchange arises from the electron hopping between the nearest-neighbor Cr sites which is maximum when the Cr-Cr bond angle formed by 3d orbitals is 180
• . On the other hand, depending on the symmetry relations and electron occupancy of the overlapping atomic orbitals, superexchange can be FM as well as antiferromagnetic (AFM) in nature and is mediated through a non-magnetic ligand ion. Unlike the direct exchange, the superexchange interaction originates due to the virtual hopping of electrons between the two nearest-neighbor Cr ions via iodine ion. This virtual process reduces the total energy of the system. According to Goodenough-Kanamori-Anderson rules, when the magnetic-ion-ligand-magnetic-ion angle is 90
• , the superexchange interaction is FM and is AFM, when the angle is 180
• . [37] [38] [39] In a weakly coupled layered van der Waals system, the effect of pressure on ferromagnetism is very sensitive to the bond angles and the inter-layer coupling. If the magnetic-ion-ligand-magnetic-ion bond angle is 90
• then T C is expected to decrease with application of external pressure because pressure may either increase or decrease the bond angle from 90 o and as a result, the superexchange interaction which favors FM ordering may weaken. On the other hand, T C may increase with pressure if the bond angle is lower or higher than 90
• at ambient pressure. In such a situation, the bond angle may approach towards 90
• with the application of pressure. It has already been mentioned that the effect of pressure on ferromagnetism investigated in bulk single crystal of Cr 2 Ge 2 Te 6 through magnetization measurements shows very different behavior from that we observe in CrI 3 . [32] In Cr 2 Ge 2 Te 6 , T C decreases monotonically with pressure up to about 9 % at 1 GPa . The pressure induced variations of magnetic properties in Cr 2 Ge 2 Te 6 has been attributed to lattice modulation arising due to strong spin-lattice coupling. The first-principles calculations show that the Cr-Cr bond length decreases while the Cr-Te-Cr bond angle gradually diverges from 90
• with increasing pressure. Both these effects favor the direct exchange and weaken the superexchange interaction, i.e., AFM interaction in Cr 2 Ge 2 Te 6 enhances with pressure. Theoretical calculation also shows that the c/a ratio decreases with pressure. The reduction of c is relatively more significant than that of a due to the weak interlayer interaction and as a result, the interlayer coupling increases with pressure. As the interlayer van der Waals coupling in CrI 3 is weaker as compared to that in Cr 2 Ge 2 Te 6 , the effect of pressure to increase the coupling between the two adjacent layers is significant in the former. In bulk CrI 3 , the interlayer coupling is FM in nature. Thus one expects that T C will increase with the increase in pressure due to the enhancement of interlayer FM coupling. In VI 3 , another ferromagnet with weak van der Waals coupling, T C increases with P above a threshold value of P , which has been attributed to crossover from two-to three-dimensionality due to the increase of interlayer coupling. [34] In order to understand, why CrI 3 exhibits highest T C among the CrX 3 family and the effect of pressure on FM transition in CrI 3 is different from that in CrBr 3 , we first briefly discuss the evolution of magnetism in CrX 3 with the size of halogen ion X. As the Cr-Cr distance increases with increasing halogen size from Cl to Br to I, the direct exchange weakens. Also, by moving from Cl to Br to I, the covalent nature of Cr-I bonds enhances which further strengthens superexchange interactions as well as the spin-orbit coupling and hence enhances the FM ordering temperature. [23] Recent experiments suggest that the covalent nature of Cr-I bond plays an important role in CrI 3 to have highest T C among the CrX 3 family. [40] In order to take into account the anisotropic nature of FM superexchange interaction via Cr-I-Cr, Lado and Fernandez-Rossier used anisotropic XXZ-type Hamiltonian with an additional term in the Heisenberg model, anisotropic symmetric exchange (λ), and estimated the Curie temperature from the spin wave theory. [23] They observe that T C increases with the increase of λ. In fact, the nature of the variation of T C with λ is very similar to that we observe from the pressure dependence. Another factor that may also play an important role to increase the T C in CrI 3 system is the Cr-I-Cr bond angle. In CrI 3 , this bond angle is slightly larger than 90
• . [23, 41] With increase in pressure, the Cr-I-Cr bond angle may approach towards 90
• . We believe that the different role of pressure on the FM transition of CrI 3 and CrBr 3 is partly due to their structural anisotropy and partly due to the strong covalent nature of Cr-I-Cr bonding. High pressure structural analysis may reveal important information for understanding the role of pressure on FM interaction in CrX 3 series.
In conclusion, we have studied the magnetic properties of two-dimensional FM semiconductor CrI 3 with FM-PM phase transition temperature 60.4 K. Magnetization exhibits a clear anomaly below 212 K and a strong hysteresis between heating and cooling cycles, where a first-order structural transition is observed. Unlike the two-dimensional FM semiconductors CrBr 3 and Cr 2 Ge 2 Te 6 , in the present system, T C is found to increase monotonically from 60.4 to 64.9 K and the transition becomes sharper as the applied pressure increases from 0 to 1.0 GPa. The observed behavior suggests a strong spin-lattice coupling.
